The rheological properties of cholesteric liquid crystals containing networks of defects are investigated. A network of linear defects of the \oily-streak" type is stabilized when colloidal particles are dispersed into the cholesteric. This network converts the rheological response of a presheared cholesteric liquid crystal from uid-like to solid-like and leads to the formation of a \defect-mediated" solid. The frequency-dependent complex shear modulus G (!) is measured, for samples with and without inclusions, in both the linear and nonlinear viscoelastic regimes. The linear elastic response mediated by the defect network is discussed theoretically in terms of a model analogous to the theories of rubber elasticity. All our data for G (!) are tted to a simple theoretical form, and the values and variations of the tting parameters, in the various regimes investigated, are discussed in terms of the properties of defect structure present in the samples. Similar rheological properties are expected to arise from particle-stabilized oily-streak defect networks in layered systems such as smectic-A and lyotropic L phases.
I. INTRODUCTION
Defects are an inherent feature of all systems with long-range order and play a crucial role in determining many properties of these materials. In particular, defects are known to have a dramatic e ect on the mechanical properties of a material. In this paper, we study the rheological properties of defect structures in cholesteric liquid crystals. As an introduction to the system, we show an optical microscopy photograph (Fig. 1 ) that illustrates many of its key properties and that can serve as a motivation for the remainder of the paper. Figure 1 shows a thin lm of a cholesteric liquid crystal between two glass plates, in the presence of colloidal inclusions of size exceeding the cholesteric pitch, p. In the absence of inclusions the sample exhibits the defect-free cholesteric ordering by contrast, the sample with colloidal inclusions exhibits a dense network of linear defects ( Fig. 1 ) with colloidal inclusions located exclusively at the nodes of the network. These defects are of the \oily-streak" type, and are stabilized by the presence of the solid colloidal particles. In Fig. 1 , the structure is strongly deformed due to the passage (in approximately the horizontal direction) of a large air bubble moving through the sample. Once the bubble disappears from the eld of view, however, the network rebounds to its original, undeformed con guration. This indicates that the defect network structure possesses elastic properties.
The goal of this paper is to investigate systematically how the viscoelastic properties of a cholesteric liquid crystal are changed in the presence of colloidal inclusions, and to understand those changes in terms of the properties of oily-streak-type defect networks. The paper is organized as follows. In Sec. II,we provide a general theoretical background and recall the main results reported previously 1] on cholesteric thin lms with and without inclusions. In Sec. III, we demonstrate experimentally that at low frequencies and low strain amplitudes, an aligned bulk cholesteric subjected to a shear parallel to the cholesteric layers exhibits a solid-like behavior when a defect network is present rather than the liquidlike behavior it exhibits when no network is present. We present the observed frequency dependence of the complex shear modulus in both the linear and non-linear viscoelastic regimes, and we contrast the robustness of gel-like behavior in cholesterics with colloidal inclusions to that of pure cholesterics in a state with a nonoriented texture. In Sec. IV, we discuss the theoretical origins of viscoelasticity of oily-streak defect networks and compare them to those of cross-linked macromolecular networks in rubber-like solids. We argue that in the linear viscoelastic regime, a rubber-type elasticity model is applicable to the cholesteric system with defects. In Sec. V, we compare our measurements, obtained in the linear viscoelastic regime, to the predictions of a theoretical model, which i s c o m bined with the theory of intrinsic viscoelasticity of defect-free cholesterics. We analyze the data for the frequency-dependent complex shear modulus in both the linear and non-linear regimes. We employ tting functions motivated by our theory and discuss the values of the tting parameters in terms of the defect structure of the samples.
II.THE PARTICLE-STABILIZED DEFECT NETWORK
A c holesteric liquid crystal 2] is composed of elongated molecules with chiral interactions. In the cholesteric phase, the molecules have no translational order, but possess long-range orientational order, which can becharacterized through the \director" eld, n(r), de ned as the locally-averaged orientation of the molecules at position r. In contrast with nematic liquid crystals 2], where the director n is independent of position in the lowest-energy state, in cholesterics n(r) undergoes a uniform rotation in a particular direction, t, t h e c holesteric twist axis (see Fig. 2a ). The distance p along this axis in which the director undergoes a rotation of 360 is de ned as the cholesteric pitch. In the lowest energy state, the cholesteric can therefore be regarded as a structure of equally spaced planes sharing a common molecular orientation, the layer spacing beingp=2 (Fig. 2a) .
Departures from this ideal structure lead to a cost in the bulk free energy density that is usually written in terms of the director eld n(r) 2]. We can, however, still de ne \cholesteric layers" in the deformed structure as connected surfaces that are everywhere normal to the local direction of the cholesteric twist axis t. The free energy density can then be viewed as arising from the bending of the layers and from the deviations of their distance from p=2. For the purposes of this paper, it will be convenient to describe the con guration of the cholesteric in terms of the \cholesteric layers", rather than directly in terms of the director eld n(r).
We thus view the cholesteric as a layered medium 3] and write its bulk free energy density in the generic form appropriate for lamellar systems (see e.g. 4]): show a three-dimensional network of linear defects with a structure similar to that of the network in thin samples. The linear defects are \oily streaks", the most common type of defects observed in layered structures in the planar geometry. \Symmetric" oily streaks (predominant in our samples) can be viewed as being composed of two disclination lines of strength +1=2 with an equal numberof layers rotating about each disclination line the structure of such a defect is illustrated in Fig. 2b . The oily streak has an elastic energy per unit length, or line tension, which is given approximately 1] by the mean bending rigidity K in Eq. (1). We h a ve s h o wn that the defect network converts a system that is uid-like i n the absence of defects to a defect-mediated solid characterized by a gel-like rheology at low- 
III.EXPERIMENTAL RESULTS

A. Generalities
The cholesteric liquid crystal studied consists of a mixture of cyanobiphenyls doped with chiral molecules. The amount of chiral dopant sets the equilibrium pitch p of the sample, which is measured using the conventional Cano wedge technique 2]. In our experiments, we use samples with p = 1 5 m. As colloidal inclusions, we use silica particles of diameter 1 m.
Once incorporated into the liquid crystal, they form cluster of typical size 10;30 m. We use a Rheometrics strain-controlled rheometer (model Ares), with a 10 g:cm transducer in the double-wall couette geometry, with an inner gap of 1 mm and an outer gap of 1:17 mm. Large tools are required to measure the very low stresses generated by the cholesteric samples. Two t ypes of experiments are performed. Oscillatory measurements are made at a constant strain amplitude over a frequency range from 0:01 to 100 rad=sec, and the storage, or elastic modulus, (G 0 (!)) and the loss modulus, (G"(!)), are determined. In addition, the apparent viscosity of the samples was determined from the ratio of the measured stress to the applied shear rate _ , using steady rate sweep experiments, from 0:015 to 100 sec ;1 .
B. Non-aligned samples
In the rst set of experiments, the samples are submitted to the following thermal treatment: they are rst heated up to 70 C , which i s a b o ve the isotropic transition temperature (T c ' 63 C) and then quenched to 20 C. All measurements are performed after the quench at a temperature of 20 C. We note that the time required for the temperature of the sample to decrease from 70 C to the transition temperature T c is fast while the time required to decrease the temperature to 20 C is much longer (about 20 minutes). This larger cooling time does not, however, appear to a ect our results since we do not observe any changes in the data over a period of ten hours following the quench. This is consistent with the measurements of the rate of coarsening of the defects found for thin lms 1], where the time t dec needed to obtain a defect-free sample after a temperature quench varies exponentially with the thickness H of the cholesteric sample. Extrapolation of t dec to a thickness of 1 mm gives a v ery large value, of order 10 28 sec, which suggests that there should not be any o b s e r v able changes in the density of defects on the time scale of our experiments. Cholesteric samples with and without inclusions are studied.
Linear dynamic experiments
We rst determine the regime of linear viscoelasticity by making oscillatory measurements in which the maximum strain amplitude, , is increased from 10 ;3 to 1, for frequencies of 0:1 rad=sec and 1 rad=sec. As shown in Fig. 3 , for ! = 1 rad/sec, up to a maximum strain amplitude of about 0:06, both G 0 and G 00 do not depend on the amplitude of the applied strain, setting the upper limit of the linear regime. The storage and loss moduli are then measured as a function of frequency in the linear regime, using = 0:05, and the experimental results are shown in Fig. 4 . There is an exact superposition of the data obtained with pure cholesteric samples and with cholesteric samples containing colloidal inclusions. The materials exhibit a behavior very similar to that of gels. At low frequencies the elastic modulus G 0 reaches a plateau, G 0 , and the elastic modulus is larger than the loss modulus G 00 . At high frequencies a uid-like behavior is recovered, with a loss modulus G 00 larger than the elastic modulus G 0 . At a critical frequency ! c , there is a crossover from the solid-like regime where G 0 is larger than G 00 and the uid-like regime where G 00 is larger than G 00 this occurs at ! c = 1 rad=sec, where G 0 = 1 d y n =cm 2 .
The gel-like behavior explains the ability of a bulk cholesteric sample to stabilize colloidal particles 1]. Moreover, this rheological behavior agrees qualitatively with previous observations for other layered mesophases, such as small molecules and polymeric smectic phases under equivalent experimental conditions 8, 9] . Our moduli are 3 or 4 orders of magnitude smaller than those of typical smectics. The rheological response we obtain is consistent with the samples being in a completely randomly oriented state, induced by the thermal quench. In the randomly oriented texture, with an isotropic distribution of the cholesteric layers, the material is sheared in a direction that is not parallel to the layers in most of the sample. This leads to relative c hanges in the layer spacing of the order of and to a compression energy cost of the order B 2 perunit volume, where B is the compression modulus of the layered medium. This corresponds to a stress of the order of B and consequently to a modulus of the order of B. In cholesterics, the compression modulus is related to the bending modulus K and the cholesteric pitch p by B = K(2 =p) 2 Steady rate sweep experiments are performed after the thermal quench. We rst scan from low to high shear rates and then from high to low shear rates. Again, pure cholesteric samples and cholesteric samples with inclusions give exactly the same responses for the increasing shear rates as shown in Fig. 5 , the samples exhibit a strong shear-thinning, with the e ective viscosity decreasing from 15 P down to 50 cP. A constant value of viscosity is reached in this particular experiment at a shear rate _ ' 10 sec ;1 . In sharp contrast, as the shear rate is decreased, the pure cholesteric sample exhibits only a weak variation of its e ective viscosity, with changes by about 20%. Moreover, samples containing colloidal inclusions exhibit a di erent behavior. These experiments indicate that the application of a shear rate induces a strong and irreversible modi cation of the mechanical properties of a quenched, initially randomly oriented, material. This is the signature of a transition from a fully randomly oriented sample to an aligned sample.
These results indicate that there is no di erence in the rheological response between samples of pure cholesteric and those with inclusions, provided the samples remain in a fully randomly oriented state. Any e ect of the inclusions on the viscoelastic response of a cholesteric liquid crystal is completely hidden by the response due to the randomly oriented texture. Thus, investigation of the e ect of the inclusions on the rheological properties of a cholesteric requires an oriented structure of the liquid crystal phase. This can beachieved by preshearing the sample.
C. Shear-aligned samples
In this second set of experiments, measurements are carried out after strongly preshearing the samples for 500 sec at a shear rate of 10 sec ;1 and at a temperature of 20 C. The results of the previous section imply that a preshear at this rate and duration leads to an alignment of the cholesteric layers in the entire sample. Because of this alignment, all the results reported in this section do not depend on whether or not the sample was quenched before the preshear. We again investigate pure cholesteric samples and cholesteric samples with inclusions.
After the preshear, oscillatory measurements show that the pure cholesteric sample exhibits a uid-like behavior, with a loss modulus, G 00 (!), larger than the storage modulus, G 0 (!), over the whole range of frequencies explored (Fig. 6a ). For frequencies larger than 10 rad/sec, one observes behavior typical of a Maxwell uid: G 00 (!) = !, w i t h a n e e c t i v e viscosity o f = 4 3 c P , a n d G 0 (!) = ! 2 , with a relaxation time = 5 :6 msec. The value of agrees well with the viscosity measured in the shear-rate sweep experiments described in the previous section. The characteristic relaxation frequency 2 = ' 1100 rad=sec is much higher than the upper limit of the measured frequency range, consistent with our observation of terminal Maxwell-uid behavior. When the same preshear treatment is applied to the cholesteric samples with inclusions, a clear di erence is observed ( Fig. 6 ): while the loss modulus remains the same (Fig. 6c) , the storage modulus of the sample with inclusions increases signi cant l y a t l o w frequencies (Fig. 6d) . Moreover, below ! = 1 r a d =sec, the storage modulus reaches a plateau, G 0 = 0:3 d y n =cm 2 . In addition, G 0 (!) and G 00 (!) cross at ! c ' 0:5 rad=sec, below which the behavior is elastic, with the storage modulus larger than the loss modulus. These features provide a clear signature of the gel-like behavior of the cholesteric with inclusions, consistent with the predictions that will begiven in the theoretical section. Furthermore, the control of the concentration of particles incorporated in the liquid crystal enables us to tune the height of the plateau of the storage modulus and therefore the strength of the gel, as shown in Fig. 7 , where two concentrations of particles, with volume fraction of 0:3% and 0:4% respectively, are used. The loss modulus exhibits only a very weak variation with the particle concentration over the entire range of frequency, while the storage modulus shows a marked increase with particle concentration for frequencies smaller than 20 rad/sec. In particular, the low-frequency plateau modulus increases from 0:2 to 0:4 d y n =cm 2 as the concentration increases.
Samples of pure cholesteric and of cholesteric with inclusions also exhibit markedly different behavior in the shear rate sweep experiments. The e ective viscosity o f a presheared pure cholesteric sample depends only weakly on the shear rate, as can be seen in Fig. 5 . There is a shear-thinning of about 20%, and the viscosity r e a c hes the plateau value of 50 cP for rates larger than 5 s e c ;1 . This value is in good agreement with the value derived from the oscillatory experiments (43 cP). Increasing and decreasing rate sweeps result in exactly the same behavior. These data can also be superimposed on those obtained from a quenched sample when the shear rate is decreased.
Presheared samples with inclusions give results in clear contrast with those of pure cholesteric samples. The samples containing colloidal particles display a shear-thinning behavior: the apparent viscosity decreases from 180 cP down to 57 cP, this value being reached at about 10 sec ;1 . The shear-thinning behavior appears much more pronounced than in the case of a pure cholesteric presheared sample (more than 200% compared to 20%). It is nevertheless much less pronounced than it is in a quenched sample of pure cholesteric however by contrast, it is permanent, with two consecutive measurements giving the same results.
To investigate the non-linear viscoelastic regime of presheared samples with inclusions, oscillatory measurements are made at a frequency ! = 1 rad=sec and for increasing strain amplitudes, , from 0:05 to 0:4. These strain sweep experiments (Fig. 8 ) con rm that, at = 0:05, the measurements of the frequency dependence of the complex modulus described in the previous section correspond to the linear regime, since up to = 0:05, both G 0 (!) a n d G 00 (!) do not depend on the strain amplitude within experimental precision. We note that the decrease of G 0 (!) with increasing starts at lower strain amplitude and is more pronounced than the decrease of G 00 (!). In the non-linear regime, the frequency dependence of G 0 (!) and G 00 (!) f o r e a c h v alue of is shown in Fig. 9 . In the range of investigated, the loss modulus G 00 (!) decreases weakly when increases, while the storage modulus G 0 (!) v aries much more strongly. This is consistent with what is observed in the strain-sweep measurements. We note that if a measurement a t l o w strain amplitude ( = 0 :05) is repeated after one at large amplitude, the results obtained from the two measurements at low amplitude are identical. When aligned by preshear, samples of pure cholesteric and samples containing inclusions exhibit markedly di erent rheological behavior. In particular, linear oscillatory measurements show a transition from a uid-like behavior to a gel-like behavior arising from the presence of inclusions 1]. As will be discussed in the theoretical section, this gel-like behavior is consistent with the picture of a connected network of linear defects under tension, the network being stabilized by the inclusions located at the nodes. Moreover, both the steady-rate experiments and the oscillatory experiments performed in the non-linear regime show that large strain amplitudes or strong shear rates do not lead to irreversible changes of the viscoelastic response. This suggests that they do not induce permanent modi cations of the defect network, such as breaks of the linear defects or irreversible disconnections of the defects from the nodes.
IV. THEORY
The structure of the oily-streak network is reminiscent of that of cross-linked macromolecular solids: the defects play the role of polymers, while the colloidal inclusions located at the nodes of the oily-streak network play the role of chemical cross-links of the polymers. On appropriate time scales (longer than the characteristic director relaxation time dir ' ( 1 =K)(p=4 ) 2 at the cholesteric Brillouin zone edge and shorter than the typical lifetime of the network nodes), the defect structure can be viewed as a cross-linked network of elastic bonds that exert forces (determined by the defect line tension T ) at the network nodes. We can therefore expect similarities between the mechanical properties of the oily-streak network and those of rubber materials 10].
It is also immediately clear, however, that there are some crucial di erences between macromolecular gels and oily-streak networks. First, while the force-extension law for the links in the case of rubber is Hookean (i.e. their line tension increases in proportion to their extension), the line tension of the oily streaks is independent of their length. The network of oily streaks is completely non-Hookean. While non-Hookean corrections do arise in rubber elasticity at large deformations, they have the form of contributions to the line tension that grow with extension faster than linearly. Second, rubber necessarily breaks (looses elasticity) at very high extensions, due to non-Hookean corrections of higher order. In contrast, there is no clear reason why the oily streaks could not be extended forever, storing more and more elastic free energy in the process they have fundamentally a plastic-type behavior. This will presumably be true only in the ideal case of an isolated, adiabatically stretched oily streak at nite frequencies there will besome network destruction criterion, but it will be very di erent from rubber.
Other di erences exist between rubber and a n e t work of oily-streaks: (i) While it is true that the positions of the individual inclusions at the nodes are locally stable (i.e. the force-balance condition at the nodes is satis ed), the network as a whole is inherently unstable towards collapse. This is in stark contrast to rubber, which is essentially incompressible. There are inward-pointing stresses at the boundaries of the oily-streak network, and the network has to be attached to some outer medium that can support these stresses in order to be stable these are the walls of the rheometer, in practice. This may not becrucial for investigating the rheological properties, as these are in general de ned only up to some external pressure (i.e. one can always add an arbitrary isotropic contribution to the stress tensor and the theory will not change) but it may beimportant in practice, for the measurement conditions.
(ii) In macromolecular networks, the polymers that have detached at one end (\loose ends") or at both ends (\stray chains") from the network do not contribute to the viscoelasticity at all. They are assumed to have immediately relaxed to their equilibrium con guration, and they neither store elastic (free) energy nor participate in dissipation (except for the hydrodynamic drag on globules attached at one end). In contrast to this, an oily streak that has detached from the oily-streak network still stores elastic free energy until it has completely retracted. Furthermore, it continues to dissipate energy in the process of retraction. Also, an oily streak with a loose end continues to fully contribute to the force balance of the network node at the other end, again until it fully retracts by contrast, a rubber strand gives no contribution at all in such a situation. All these di erences could be important w h e n comparing high-frequency properties of rubber and of oily-streak networks where disconnections of streaks occur.
(iii) The origin of elasticity of the macromolecular links in rubber is purely entropic at small strains this leads to the spring constant g i v en by A = 3 k B T = d 2 , w h e r e d is the end-toend distance of the unstressed polymer chain. In contrast the line tension of an oily streak is of the order of K, where K is the cholesteric elastic constant. Except in the immediate vicinity of the isotropic-cholesteric phase transition, K is nearly temperature-independent.
(iv) The spring-like elasticity of the polymer chain derives from the Gaussian (thermally equilibrated) distribution of the polymersegment extensions. The microscopic theories of rubber heavily use the Gaussian distribution property. There is no analog of this for oily streaks. One would need to describe the network elasticity based on a completely di erent distribution function.
These di erences must be considered when characterizing the expected rheological behavior of an oily-streak network. We begin by contrasting strain-controlled and stress-controlled rheological response.
The fundamental way to characterize the mechanical response of any material is to subject it to a step strain the relaxation of the induced stress allows the classi cation of materials into simple uids, viscoelastic uids, and solids. In a simple, Newtonian uid, the stress disappears immediately after the application of the strain ceases. In viscoelastic uids, the stress decays to a zero value with an exponential time dependence for a Maxwell uid. In solids, the stress decays to a non-zero value, or does not decay at all for an ideal solid.
Consider a cholesteric containing a stabilized oily-streak network subjected to a step strain. As a result of the strain, a number of things happen: some of the streaks get extended, some of the streaks become slack, as their connecting points suddenly moved closer together. The whole distribution of the orientation of the links, which was isotropic at the beginning, is now anisotropic and the force balance at most nodes of the network is now violated, as shear does not preserve the angles of the links. What does this imply for the stresses? Because of the anisotropy, elastic stresses were induced in the medium. Some of this elastic stress will decay as the streaks re-arrange themselves to minimize the integrated line tension (i.e. roughly the total length) of the network subject to the new constraint from the shifted nodes. Unless there is a substantial topological re-arrangement of the nodes, there will be an elastic stress remaining at late times, while the viscous stress decays to zero, since nothing moves. The material is therefore a solid. The same kind of behavior is obtained for rubber, except that the process of moving two cross-links points apart results in a c o n tribution to the elastic stress in rubber.
Signi cantly di erent behavior ensues for a step-stress experiment. When a step stress is applied to a rubber in equilibrium, it continues to deform until the applied stress is balanced by the induced stress due to the anisotropy of the distribution of links. The ratio of the applied stress to the resultant strain determines the shear modulus. It is clear that the deformation must stop at some point, as the rubber strands cannot keep extending forever, and the elastic stress induced by their extension grows linearly with the extension.
A completely di erent behavior, however, can result in the case of the oily-streak network. If the applied stress is su ciently small, it will be balanced by the anisotropic distribution of nodes. However, if the applied stress is large enough, the anisotropy is not su cient to balance it, since extended streaks do not result in any counter-balancing stress thus, there is nothing to stop the deformation, and the material will ow, behaving like a uid. Thus the oily-streak network behaves as a viscoplastic solid, or a Bingham uid 11]. The applied stress for the onset of ow is called the yield stress.
To conclude, the step-strain argument clearly shows that the oily-streak network should be classi ed as a solid. However, it is a very special kind of solid | one that will ow when subjected to a large-enough stress in a stress-controlled rheometer. Even at the conceptual level, it is therefore clear that the properties of the oily-streak network in the non-linear viscoelastic regime will di er substantially from those of rubber. The elastic shear modulus at low frequencies, G 0 , of a oily-streak network can be estimated using arguments analogous to those used in the theory of rubber elasticity 10]. These predict that G 0 ' nw=3, where w is the strain energy of one network element and n ' d ;3 net is their number density, with d net the average mesh size of the defect network. This result is independent of the precise microscopic origin of w. In rubber, the origin of the elasticity is purely entropic, and w = (3=2)k B T. We stress that even though \misaligned" regions, where cholesteric layers are oriented at a non-zero angle with respect to shear and are therefore compressed, do exist in the vicinity of the colloidal inclusions and in the center of the oily streaks, their deformation relaxes on short time scales, and such regions are not responsible for the observed solid-like behavior in the pre-sheared samples. These regions are, however, expected to give contributions of the form G 0 (!) ! 1=2 and G 00 (!) ! 1=2 at intermediate frequencies 12] . The non-zero value of the low-frequency storage modulus G 0 arises primarily from the presence of the connected network of linear objects with non-zero line tension, the deformation of which cannot fully relax. While the pure cholesteric without inclusions is a true liquid when deformed along the layers in its ground state con guration, the cholesteric containing colloidal inclusions is a defect-mediated solid.
The theoretical discussion given above suggests that the frequency-dependence of the storage modulus G 0 in presheared samples with colloidal inclusions can be described as a sum of three contributions: G 0 arising from the zero-frequency shear modulus of the defect network, d ! 1=2 arising from the disoriented (misaligned) parts of the sample, and o ! 2
arising from the regions of the sample where the layers are parallel to the shear direction (i.e., most of the sample). Thus we can write: 
(K ).
A similar analysis can be performed for the loss modulus G 00 (!). In this case, we do not expect a plateau contribution at low frequencies, we h o wever expect the ordered part of the sample to result in a Maxwell-uid type contribution linear in !, and the disoriented parts of the sample to result in a ! 1=2 contribution, of the same magnitude as in the case of G 0 (!) 12]. We therefore write:
where the theoreticaly expected values are o = and
These functional forms can be t to our data to describe the full frequency dependence of G 0 (!) and G 00 (!).
A. Linear regime
The results of tting our data for the storage modulus G 0 in the linear viscoelastic regime ( = 0:05) to Eq. 2 are displayed in Table I . For the presheared sample with inclusions, a good t of the data is obtained across the entire measured frequency range, as shown in Fig. 10 . We obtain G 0 = 0:266 dyn=cm 2 We now repeat the tting procedure for G 0 measured in the non-presheared sample and in the presheared sample with inclusions. In both cases, the quality of the t is comparable to the case of the presheared sample with inclusions (Fig. 10) . For the presheared sample without inclusions, the t parameters are G 0 = 0:065 dyn=cm 2 for an intrinsic property o f the cholesteric. The value of d in the non-presheared sample is signi cantly larger than in both presheared samples. Since we expect d to be proportional to the relative volume of the sample that is in the disoriented state, the values listed in Table I imply that for the presheared sample with no inclusions is 15 times smaller than for the non-presheared sample. For the presheared sample with inclusions, is 4 times larger than without inclusions this can beattributed to the presence of disordered regions associated with the defect network.
The data for the frequency dependence of the loss modulus G 00 (!) for the same three samples discussed above are tted using Eq. 3. The results of the ts are displayed in Fig. 11 and in Table II . The t of the data for G 00 (!) with Eq. 3 is generally of lower quality as compared to the t for G 0 (!) with Eq. . This shows that, in this range of , the intrinsic response of the cholesteric remains in the linear regime, and therefore the nonlinear contributions arise mainly from the network of defects. The loss modulus G 00 (!) exhibits a much w eaker variation with than the storage modulus G 0 (!) (Fig. 9) . Thus, we focus on the behavior of G 0 (! ).
We nd that the zero-frequency shear modulus G 0 is signi cantly smaller for 0:2 than for = 0:05. This may be a consequence of the 1= dependence of the crossover frequency ! c predicted theoretically.
In addition, strain sweep experiments were carried out with strain amplitudes up to 4, for di erent xed frequencies (! = 0 :1 r a d =sec, ! = 0 :3 r a d =sec and ! = 1 rad=sec). The results are summarized in Fig. 13 , where we show that the product G 0 (! ) is essentially -independent for maximum strain amplitudes larger than 0:2. We nd that G 0 (! ) ' y (!). Furthermore, y (!) is found to vary linearly with the frequency (see inset of Fig. 13 ).
The zero-frequency limit of y (!) de nes the yield stress y , for which w e obtain a value of 0:015 dyn=cm 2 . By contrast, from the values in Table I, (Fig. 14) introduced by Colby 9] . Here, the parameter G f (!) has the meaning of G 0 (!) in the linear viscoelastic regime ( 0:05 in our case) and c has the meaning of a yield strain. We obtain G f = 0 :53 dyn=cm 2 and c = 0 :18. There follows a prediction for the value of the yield stress in our material : y = c G f ' 0:05 dyn=cm 2 , in reasonable agreement with the value of y directly determined from the strain sweep experiments. This provides a non trivial cross-check of the consistency of our interpretation of the data. 
TABLES
VI. CONCLUSIONS
We have studied the rheological properties of cholesteric liquid crystals and related the viscoelastic behavior to the defect structures of the samples. This defect structure can be controlled by the introduction of colloidal particles into the cholesteric liquid crystal. A simple model accounting for both the intrinsic viscoelasticity of the cholesteric liquid crystal and the viscoelasticity arising from the defect structure allows us to t the frequency dependence of the complex moduli in boththe linear and the non-linear regimes. The t parameters are discussed in terms of the defect structure which exist in presheared and non presheared samples, with or without inclusions. A presheared sample without inclusions exhibits a uid-like behavior, while a presheared sample with inclusions displays a gel-like behavior, with an increase of the elastic modulus G 0 at low frequency. We interpret this increase of G 0 as a signature of a network of linear defect under tension. This defectmediated increase of the elastic modulus of layered media is intrinsically di erent from that obtained when particles are dispersed in systems such as polymer solutions and melts 15, 16] , which h a ve no long-range order and do not support defect structures. It is also di erent from the solid-like rigidity observed in macroscopically disordered samples of layered phases 8,9], whose origin is bulk region with layers unfavorably aligned relative to the shear direction. In these cases, the rigidity cannot survive shear-induced alignment of the randomly oriented regions in contrast, the defect network stabilized by colloidal inclusions and its solid-like elasticity are not destroyed by such shear-alignment. Colloidal particles dispersed in a nematic liquid crystal give rise to defects 17], but they have no e ect on the bulk rheological properties at small volume fraction they do have h o wever a dramatic e ect at large volume fractions where structures comprised of inclusions span the entire sample 18]. (open symbols) moduli, for a pure cholesteric sample (circles) and a cholesteric sample with inclusions (squares). The strain amplitude is = 0 :05. The samples were presheared for 500 sec at a shear rate of _ = 1 0 s e c ;1 . a) G 0 (!) a n d G 00 (!) for a pure cholesteric sample, b) G 0 (!) a n d G 00 (!) for a sample with inclusions, c) G 00 (!), and d) G 0 (!), for samples with and without inclusions. Table I . 
